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Tumors are characterized by the presence of malignant and
non-malignant cells, such as immune cells including macro-
phages, which are preponderant. Macrophages impact the effi-
cacy of chemotherapy and may lead to drug resistance. In this
context and based on our previous work, we investigated the
ability to reactivate macrophages by using a proprotein conver-
tases inhibitor. Proprotein convertases process immature pro-
teins into functional proteins, with several of them having a
role in immune cell activation and tumorigenesis. Macro-
phages were treated with a peptidomimetic inhibitor targeting
furin, PC1/3, PC4, PACE4, and PC5/6. Their anti-glioma activ-
ity was analyzed by mass spectrometry-based proteomics and
viability assays in 2D and 3D in vitro cultures. Comparison
with temozolomide, the drug used for glioma therapy, estab-
lished that the inhibitor was more efficient for the reduction
of cancer cell density. The inhibitor was also able to reactivate
macrophages through the secretion of several immune factors
with antitumor properties. Moreover, two proteins considered
as good glioma patient survival indicators were also identified
in 3D cultures treated with the inhibitor. Finally, we estab-
lished that the proprotein convertases inhibitor has a dual
role as an anti-glioma drug and anti-tumoral macrophage reac-
tivation drug. This strategy could be used together with chemo-
therapy to increase therapy efficacy in glioma.
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INTRODUCTION
Proprotein convertases (PCs) are proteases of the subtilisin/kexin
family that cleave proproteins through limited proteolysis and
convert them into bioactive proteins and peptides.1–3 Mammalian
PCs include PC subtilisin/kexin type 1 (PCSK1), PCSK2, furin,
PCSK4, PCSK5, PCSK6, and PCSK7, which are known to cleave pro-
proteins at paired basic residues.4 PCs cleave a variety of precursor
proteins within the secretory pathway, including neuropeptides,
hormones, growth factors and their respective receptors, adhesion
molecules, bacterial toxins, and viral glycoproteins.5 However, dereg-
ulation of these enzymes has been associated with pathological condi-
tions, including endocrinopathies,6 Alzheimer’s disease,7 and
tumors.8 Among these PCs, furin is one of the major PCs known to
Molecu
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be involved in tumor progression. Its expression has been confirmed
in a large spectrum of cancers.1 The importance of furin activity for
the processing of many cancer-related substrates has been shown,
and it has been proposed to promote the malignant phenotype of can-
cer cells.8,9 Platelet-derived growth factor A (PDGF-A), insulin-like
growth factor 1 receptor (IGF-1R), transforming growth factor b

(TGF-b), membrane type I-matrix metalloproteinase (MT1-MMP),
vascular endothelial growth factor C (VEGF-C), and a disintegrin
and metalloproteinase with thrombospondin motifs (ADAM-TS)
are the best known cancer-related furin substrates.

Despite significant advances in cancer treatment, resistance to the
applied therapy remains a major problem.10,11 The increased efflux
of the drugs, the enhancement of repair/increased tolerance to
DNA damage, the high anti-apoptotic potential, and the decreased
permeability and enzymatic deactivation would enable cancer cells
to survive chemotherapy.10 Indeed, multidrug resistance is one of
the most significant problems in oncology today.12–14

Nevertheless, among the emerging therapies that are in development,
immunotherapy represents one with the most promise.15 The goal of
immunotherapy is to eliminate cancer cells through the transfer of
ex vivo expanded and activated immune cells. Immune cells such as
lar Therapy: Oncolytics Vol. 17 June 2020 ª 2020 The Author(s). 31
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Molecular Therapy: Oncolytics
dendritic cells (DCs), natural killer (NK) cells, cytotoxic T cells, and
cytokine-induced killer (CIK) cells have been investigated as targets
for immunotherapy against cancer.15 Additionally, the passive trans-
fer of monoclonal antibodies has been an effective treatment for some
cancers.16

Promising trials evaluating the safety and efficacy of immunotherapy
for prostate cancer, renal cell carcinoma, and gastric and colorectal
cancers have opened the door to research in the area of oncoimmu-
nology, which integrates immunotherapy along with conventional
cancer treatments.16 Tumors are heterogeneous and characterized
by the presence of many malignant and benign cell types. Among
the non-malignant cells, specific immune cells are present, known
as tumor-associated macrophages (TAMs), which represent a key
element for tumor microenvironment interaction. These TAMs are
switched to the protumoral phenotype through cancer cell-tissue
microenvironment interaction.15 Thus, one challenge is to reactivate
these TAMs and combat cellular immune suppression. PCs have been
identified in immune cells and shown to control the Toll-like receptor
(TLR)/myeloid differentiating factor 88 (MyD88)/nuclear factor kB
(NF-kB)-dependent pathway through PC1/317–22 and the TLR/
MyD88/NF-kB independent pathway through furin in antigen-pre-
senting immune cells such as macrophages or DCs.18,23,24

Interestingly, the inhibition of PC1/3 in knockout (KO) mice or the
knock down (KD) of the resident lung macrophage cell line
(NR8383) led to a pro-inflammatory response. The NR8383 rat pul-
monary macrophage cell line was previously shown as a good model
to study the role of PC1/3 in the macrophage innate immune
response.18–20,22 The pro-inflammatory response in NR8383 PC1/3
KO macrophages is characterized by the secretion of chemotactic ef-
fectors attracting cytotoxic T cells and anti-tumoral factors against
glioma and gynecological cancers.18,19 In this way, finding an inhibi-
tor acting on furin in cancer cells that can also push toward PC1/3 in
TAMs can be a novel alternative in cancer immunotherapy. Several
inhibitors have been designed against PCs, and several targeting the
furin protein25–27 or PACE428,29 are used for cancer therapy.

In this context, we are using a peptidomimetic PC inhibitor that can
act against furin and has been shown to inhibit several other PCs,
including PC1/3, PC4, PACE4, and PC5/6, but with no effect on
PC2 and PC7. This inhibitor has been developed by Becker et al.30

This is a cell-permeable tripeptide derivative containing an Arg-X-
Arg motive that acts as a highly potent and reversible furin inhibitor
(Ki of 16 pM) and PC1/3, PC4, PACE4, and PC5/6 inhibitor with
almost similar potency. Other peptidomimetic PC inhibitors are
used for anti-tumoral assays such as PACE4 inhibitor,31 Multi-Leu
peptide PACE4 inhibitor,32 or furin inhibitor.33 These inhibitors
are used in tumor cell cultures at a concentration ranging from 25
to 100 mM. For this reason, we investigated, via a concentration/
response pharmacodynamic approach (10–600 mM), proteomic plat-
forms, and biochemical anti-tumoral assays, the ability of such a pep-
tidomimetic PC inhibitor to act against glioma cells and macrophages
at the same time. We also evaluated its ability to reactivate the mac-
32 Molecular Therapy: Oncolytics Vol. 17 June 2020
rophages within the tumor. We established that the PC inhibitor is
active on glioma cells at a lower dose (2-fold less) than the key
drug used in glioma treatment, i.e., temozolomide (TMZ). Moreover,
this PC inhibitor is active toward TAMs by reactivating them to be
cytotoxic in the intimacy of the tumor environment.

RESULTS
The PC Inhibitor Triggers the Secretion of Anti-tumoral Factors

by Macrophages and Decreases C6 Glioma Cell Viability

We have previously demonstrated that PC1/3, a PC, is involved in
macrophage activation and that its inhibition induces anti-tumoral
properties.19 The present study aimed to evaluate the potential use of
a peptidomimetic inhibitor of PCs as a potential anti-cancer therapy
through tumor inhibition andmacrophage reactivation.We first estab-
lished, using RT-PCR analyses, the expression of PCs in C6 glioma.We
previously demonstrated the expression of PC1/3 and furin in NR8383
cells.22 Also, we only observed the expression of PACE4 and furin in C6
glioma. No PC1/3 has been detected (Figure S1). In this context, since
the peptidomimetic PC inhibitor (C35H55N15O4) is active toward furin,
PACE4, and PC1/3 at the same efficiency (Ki of 16 pM), we selected this
PC inhibitor for our study. In order to know whether this PC inhibitor
can trigger the secretion of anti-tumoral factors bymacrophages, as pre-
viously described with the NR8383 PC1/3 KD cell line, we performed a
viability assay on the rat C6 glioma cell line (Figure 1B). Based on the
literature for the concentration used in cells or tissue cultures for such
types of an inhibitor,30–33 we used this inhibitor at the micromolar
range. In the first step, we evaluated the toxicity of the PC inhibitor
directly on the macrophages in order to select the right concentration
of inhibitor touse.As shown inFigure1A, thePC inhibitor didnot affect
the viability of macrophages at 50 and 100 mM. A slight decrease was
observed after 4 days of stimulation with 150 mM PC inhibitor due to
the toxicity of dimethyl sulfoxide (DMSO), as revealed by the control
DMSO (150mM). At the highest concentration of 300 mMPC inhibitor,
the significant impactwas shown at 3 days post-treatment (Figure S2A).
With a volumeofDMSOcorresponding to the concentrationof 150mM
inhibitor, we noticed a decrease in the proliferation of themacrophages.
Therefore, for the following experiment, we treated the macrophages
with 100 mM PC inhibitor to avoid the DMSO toxicity effect. We
then tested the anti-tumor properties of the conditioned medium of
macrophages treatedwith orwithout the PC inhibitor at 100mMduring
24 h (Figure 1B). The conditioned medium of the untreated macro-
phages (CM control) was not toxic for glioma cancer cells since the
same viability was identified in the control condition at different time
points (control). The conditioned medium of macrophages treated be-
forehand with the PC inhibitor (100 mM) decreased the viability of the
C6 cells (CM inhibitor) by 30% compared to the control and to the CM
control as early as 2 days after the incubation of C6 glioma cells with the
macrophage-conditioned medium. However, we observed that the
inhibitor alone had the same effect as the conditionedmedium of mac-
rophages. We cannot exclude that the inhibitor was still present in the
medium of macrophages, which may have caused a decrease in C6
cell viability. When we added the inhibitor into the treated macro-
phage-conditioned medium, an additive effect seemed to be observed
after 3 and 4 days, even if it was not statistically significant (CM



Figure 1. PC Inhibitor Triggers a Molecular Change in Protein Secretion of NR8383 Macrophages

(A and B) The cell density of NR8383 macrophages (A) and C6 rat glioma cells (B) was determined by an MTS assay. The assays were conducted for 1, 2, 3, and 4 days. All

results are representative of three independent experiments. Significant differences were identified using a Tukey’s multiple comparisons test. *p < 0.05, **p < 0.01, ***p <

0.001, ****p < 0.0001. (A) NR8383 macrophages were incubated with different concentrations of PC inhibitor (50, 100, or 150 mM) or with vehicle (DMSO). (B) The C6 cells

were incubated with DMSO (1) or 100 mM PC inhibitor (2) or with NR8383 conditioned media (CM) obtained after 24-h DMSO (3) or 100 mM PC inhibitor (4) treatment. In the

condition “CM control + inhibitor” (5) and “CM inhibitor + inhibitor” (6), the cells were incubated with CM from macrophages treated with DMSO (5) or PC inhibitor (6)

supplemented with PC inhibitor. (C) NR8383 macrophages were treated or not with PC inhibitor (50, 100, or 150 mM). CM were digested and analyzed with LC-MS/MS.

MaxQuant and Perseus software were used for the statistical analysis, and a heatmap was generated to show proteins that were significantly different between treated and

untreated NR8383 CM. Two clusters are highlighted (1 and 2).
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inhibitor + inhibitor). This cumulative effect was not observedwhen the
inhibitor was added in the conditioned medium of the untreated mac-
rophages (CM control + inhibitor). Therefore, the inhibitor had a direct
effect on C6 cancer cells but seemed also to induce the secretion of anti-
tumoral factors by macrophages since an effect of the conditioned
medium was observed.

In order to answer this question, a proteomic study was then conduct-
ed to analyze the composition of the conditioned medium of macro-
phages treated with the PC inhibitor at different concentrations (50,
100, and 150 mM). Shotgun proteomic analysis of secreted proteins
was performed 24 h after PC inhibitor treatment of macrophages. A
total of 884 secreted proteins were identified. A comparison of the pro-
teins between PC inhibitor-treated macrophages and non-treated
macrophages allowed the identification of 25 proteins with significant
differential regulation (Figure 1C; Table S1). As a criterion of signifi-
cance, we applied an ANOVA test with a significance threshold of p <
0.05, and a heatmap was created. Among these proteins, 10 were more
secreted by PC inhibitor-treated macrophages at concentrations of
100 and 150 mM compared to control macrophages. Interestingly,
some pro-inflammatory phenotype markers were found such as che-
mokine (C-Cmotif) ligand 6 (CCL6) and PRDX5 (PRDX5), suggesting
that the inhibitorwas also able to induce the activation ofmacrophages
as previously described for the NR8383 PC1/3 KD macrophages.19
CCL6 and heterogeneous nuclear ribonucleoprotein D (HNRNPD)
proteins, more secreted by treated macrophages, are involved in
cytokine signaling. Another interesting protein identified was pep-
tidyl-prolyl cis-trans isomerase (FKBP1A), which is known to have
antitumor properties. FKBP1A also prevents TGF-b receptor activa-
tion.35 We also noticed that 50 mM PC inhibitor was not enough to
induce the secretion of these proteins by macrophages. A concentra-
tion of 100 or 150 mM is therefore more suited for our study.
Alternatively, 15 proteins were down-secreted by PC inhibitor-treated
macrophages at concentrations of 50, 100, and 150 mM compared to
control macrophages treated with DMSO (Figure 1C; Table S1). The
PC inhibitor seems to impair some macrophage functions as demon-
strated by a down-secretion of migration-related proteins (macro-
phage migration inhibitory factor [MIF] and LIM and SH3 domain
protein 1 [LASP1]) and phagocytosis-related proteins (macrophage-
capping protein [CAPG] and transgelin-2 [TAGLN2] proteins). Of in-
terest, the macrophage migration inhibitory factor (MIF) is also
known to be involved in glioblastoma progression.36 Moreover,
several proteins related to the metabolism process such as purine
nucleoside phosphorylase (PNP), lactate dehydrogenase B (LDHB),
and catechol-O-methyltransferase (COMT) were also less secreted un-
der PC inhibitor treatment of macrophages, indicating a change in
macrophage activity. In conclusion, proteins more secreted by
macrophages treated with 100 and 150 mM of the inhibitor are more
Molecular Therapy: Oncolytics Vol. 17 June 2020 33
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Figure 2. PC Inhibitor Toxicity for C6 Rat Glioma Cells

(A) The cell density of C6 rat glioma cells was determined by an MTS assay after stimulation with 50, 100, or 150 mM PC inhibitor or with DMSO. The assays were conducted

for 1, 2, 3, and 4 days. All results are representative of three independent experiments. Significant differences were identified using a Tukey’s multiple comparisons test. *p <

0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (B) C6 cells were treated or not with PC inhibitor (50, 100, or 150 mM) and lysed before FASP and LC-MS/MS analysis.

MaxQuant and Perseus software were used for the statistical analysis, and a heatmap was generated to show proteins that were significantly different between treated and

untreated C6 in the cell extracts. Two clusters are highlighted (1 and 2). (C) Global pathway analyses of cluster 2.
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pro-inflammatory, as we previously described for the NR8383 PC1/3
KD cell line. We have also identified some anti-tumoral factors that
can explain the decrease of the viability of C6 cells observed in Fig-
ure 1B. We have also confirmed these proteomics results on the
THP1 human macrophages cell line (Figure S3). Thus, PC inhibition
triggers the secretion of pro-inflammatory factors by THP1 as well as
NR8383 and decreases the secretion of proteins involved in tumori-
genesis processes and the anti-inflammatory microenvironment.

The PC Inhibitor Acts on C6 Glioma Cells by Decreasing Their

Viability and Their Expression of Microenvironmental-Related

Proteins

Since the inhibition of PCs in C6 glioma cancer cells triggered a
decrease of cell viability, we examined the dose-dependent effects of
34 Molecular Therapy: Oncolytics Vol. 17 June 2020
the PC inhibitor. For that, we have cultured C6 cells with the inhibitor
at 50, 100, or 150 mM for 4 days as was performed for macrophages
(Figure 2A). We also checked the effect for lower concentrations (1
and 10 mM) and higher concentrations (300 and 400 mM). No effect
was observed prior to the 10 mM treatment. At 10 mM, a decrease of
C6 cell proliferation was seen, but it was lower than for concentra-
tions above 50 mM (Figure S2B). We also noticed a significant effect
at 300 and 400 mM at 2 days post-treatment (Figure S2B). The PC
inhibitor decreased the viability of the glioma cells by 40% at any con-
centration >50 mM used compared to the control without inhibitor at
4 days post-treatment. Interestingly, a volume of DMSO correspond-
ing to the one used at the highest concentration of the inhibitor
(400 mM) did not influence the viability of the glioma cells. Therefore,
the effect observed was clearly due to the inhibitor.



Figure 3. PC Inhibitor Decreases the Secretion of

Tumor Microenvironment-Related Proteins and

Increases the Secretion of Immune Proteins

(A) C6 cells were treated or not with PC inhibitor (50, 100,

or 150 mM). Conditioned media were digested and

analyzed with LC-MS/MS. MaxQuant and Perseus soft-

ware were used for the statistical analysis, and a heatmap

was generated to show proteins that were significantly

different between treated and untreated C6 conditioned

media. Two clusters are highlighted (1 and 2). (B) Global

pathway analyses of clusters 1 and 2.
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Next, in order to decipher themolecular impact of the PC inhibitor on
C6 glioma cancer cells, we performed a proteomic study of the cellular
contents after 24-h treatment with the inhibitor at different concen-
trations. The control cells (C6-control) were only treated with the
volume of DMSO corresponding to the highest concentration of
the inhibitor (150 mM). Shotgun proteomic analysis of C6 glioma cells
yielded 1,942 protein identifications across all samples. Twelve pro-
teins were exclusive to 50 mM, 33 proteins to 100 mM, 43 proteins
to 150 mM, and 26 proteins to the control (Figure S4A; Data S1).
Among the 12 proteins identified after the 50 mM PC inhibitor, the
immunity-related GTPase family M protein (LRGM) known to acti-
vate macrophage migration has been identified as well as the
repressor of translation initiation protein that regulates EIF4E activity
(Eif4ebp1) and the latexin, which acts as a tumor suppressor.37 For the
proteins identified at 100 mM, the TRPM4 transient receptor has been
identified as well as semaphorin-3A, known to have a controversial
effect on the tumor (promote38 or inhibit39), and netrin receptor
UNC5B, which acts toward angiogenesis.40 The proteins detected at
150 mM included the WD repeat-containing protein 26 (Wdr26),
an inhibitor of the mitogen-activated protein (MAP) kinase
pathway,41 the melanoma-associated antigen D1 (MAGED1), which
inhibits cell cycle progression and facilitates NGFR-mediated
apoptosis,42 and also SMAD2 and SMAD9, which can switch the
macrophage phenotype to M2.43 We then looked at the differentially
expressed proteins. Again, as a criterion of significance, we applied an
ANOVA significance threshold of p < 0.05, and a heatmap was
created, from which 52 proteins showed a significant difference in la-
bel-free quantification (LFQ) expression between 150 mM-treated C6
glioma cells and the other conditions (inhibitor at 50 mM, inhibitor at
100 mM, and control). Twomain clusters were highlighted (Figure 2B;
Molecu
Data S2). Nine proteins were upregulated in the
150 mM-treated C6 cells when compared to the
other conditions, including myristoylated
alanine-rich C-kinase substrate (MARCKS),
which is involved in the reduction of glioblas-
toma growth and induction of senescence.36 In
contrast, 41 proteins were upregulated in the
control cells and the C6 cells treated with lower
concentrations of PC inhibitor (50 and 100 mM),
corresponding to cluster 2. Such upregulated
proteins include PDS5B (PDS5B) and Rab3
GTPase-activating protein non-catalytic subunit (RAB3GAP2),
proteins that are implicated in cell proliferation, and C-type mannose
receptor 2 (MRC2) protein, which mediates tumor cell invasion. We
also identified SMAD3, which is a transcription factor known to be
activated after TGF-b binding on its receptor. SMAD3 regulates the
expression of target genes involved in angiogenesis, cancer cell migra-
tion, and immunosuppression. CD14 was also found to be upregu-
lated in C6 cells untreated or treated with low doses of PC inhibitor.
CD14-high cancer cells express higher levels of inflammation media-
tors and form larger tumors. All of these proteins are downregulated
after treatment of the C6 glioma cells with the PC inhibitor at 150 mM.
Taken together, 150 mM PC inhibitor seems to prevent the induction
of an anti-inflammatory environment by the cancer cells. Subnetwork
analyses (Figure 2C) confirmed that proteins involved in neoplasia,
cell invasion, and cancer are downregulated for a concentration of
150 mM PC inhibitor.

The same approach was then applied to the conditioned medium of
C6 glioma cells treated with the PC inhibitor to analyze the secreted
factors (Figure 3). The proteomic analysis yielded a total of 1,101
proteins identified across all samples, and none was specific to one
concentration of inhibitor (Figure S4B). Ninety-five proteins were
statistically significant between the PC inhibitor-treated C6 cells
and the untreated C6 cells with a p value of 0.05. Twenty-six proteins
were upregulated in the untreated control cells when compared to
treated ones, while 69 proteins were significantly upregulated after
PC inhibitor stimulation (Figure 3A; Data S3). In the control condi-
tion, proteins commonly found in the tumor microenvironment and
involved in tumor cell migration, tumor growth, and metastasis were
identified, which included the connective tissue growth factor
lar Therapy: Oncolytics Vol. 17 June 2020 35
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(CTGF), chondroitin sulfate proteoglycan 4 (CSPG4), and a disinte-
grin and metalloproteinase with thrombospondin motifs 1
(ADAMTS1). Macrophage colony-stimulating factor 1 (CSF1)
protein, which has a key role in the recruitment and pro-tumoral acti-
vation of macrophages, was shown to be highly secreted by the con-
trol C6 glioma cells. Some pro-tumoral proteins were also found such
as anamorsin (CIAPIN1), ubiquitin carboxyl-terminal hydrolase 7
(USP7), and cartilage oligomeric matrix protein (COMP). Subnet-
work pathway analyses of cluster 1 confirmed pathways involved in
neoplasia and cell migration (Figure 3B). All of these proteins and
their corresponding pathways (Figure 3B) were less secreted in the
presence of the inhibitor at any concentration used. The second clus-
ter groups all proteins that are more secreted in the presence of the PC
inhibitor. Among these, we can find some proteins involved in viral
reproduction (interleukin enhancer-binding factor 3 [ILF3]) and im-
mune response (heat shock protein 90 alpha family class B member 1
[HSP90AB1], PRDX1). Proteins thioredoxin-like 1 (TXNL1), thiore-
doxin (TXN), and the peroxiredoxin family members (PRDX1,
PRDX2, and PRDX5) reflect an oxidative stress state of the cells
caused by the PC inhibitor. Pathways involving immune response
activation and oncogenesis decrease have been identified (Figure 3B).

In conclusion, the inhibitor impacts the C6 glioma cells by reducing
their tumorigenesis potential. These results are in line with our previ-
ous work showing that the tumorigenesis of ovarian and prostate can-
cers is inhibited by PACE4 silencing.44 The inhibitor may, therefore,
have an effect on several PCs involved in several cancer types.

The PC inhibitor Decreases the Invasion of 3DMixedGlioma and

Macrophage Spheroids

In order to godeeper into the characterization of the effects of the inhib-
itor on glioma growth, we tested it on 3Dmicro-tumors. First, we eval-
uated the distribution of the PC inhibitor in C6 glioma spheroids.
Glioma spheroids were treated with 100 mM inhibitor at different
time points (8–72 h). Consecutive sections of each spheroid were
analyzed to study the distribution of the inhibitor across the entire
spheroid. As shown in Figure 4, the PC inhibitor (mass-to-charge ratio
[m/z] of 750.5) was detected predominantly into the core region of the
spheroids after 16 h of treatment, while no drug signal was observed af-
ter 8 h of treatment and in the control, untreated sample. We could
observe a slight decrease in the signal at 48 h and a marked decrease
at 72 h. Then, we assessed the effects of the inhibitor on the growth
and invasion of the cancer cells in 3D. The spheroids were cultured
for 4 days in the presence or absence of 50, 100. or 150mMPC inhibitor.
Their growth and the invasion of the matrix by cells migrating out the
initial core weremonitored during these 4 days.18,45 Spheroids contain-
ing only C6 cells (Figure 5Ai) were compared to spheroids containing a
mix of C6 and NR8383 cells (Figure 5Aii) to assess the tumor-support-
ive effects of macrophages as reported in the literature.15,46 For C6
spheroids treated with PC inhibitor, blockage of spheroid growth and
invasion started after 2 days of treatment and increased progressively
across time (Figure 5Bi). This was observed for all concentrations of
PC inhibitor tested. However, this effect was not concentration-depen-
dent since the various concentrations applied gave the samemagnitude
36 Molecular Therapy: Oncolytics Vol. 17 June 2020
of inhibition (Table S2). It reached a maximum of 18% on the second
day and a maximum of 54.2% on the fourth day. As depicted in Fig-
ure 5Bii, in the absence of PC inhibitor treatment, the presence of mac-
rophages did not prevent the spheroids from growing. Conversely, a
reduction of spheroid growth and invasion was again observed after
the addition of PC inhibitor. Similar to the C6 spheroid, it also started
after 2 days of treatment, it intensified in a time-course experiment, it
was identical for the various concentrations tested, and it was not con-
centration-dependent. However, in the presence of macrophages, the
magnitude of inhibition exerted by PC inhibitor was slightly less signif-
icant. It reached a maximum of 13.4% the second day and a maximum
of 43.8% the fourth day. These data suggest thatmacrophagesmay exert
a slight protective effect on C6 cells against PC inhibitor since the inva-
sion of cancer cells is a bit enhanced in the presence of macrophages.
However, the inhibitor still exerts its activity. Altogether, this revealed
that PC inhibitor is effective to block spheroid growth and invasion,
even in the presence of macrophages.

The PC Inhibitor Reactivates Macrophages in Mixed Spheroids

Aproteomic study was conducted onC6 andmixed C6/NR8383 spher-
oids in order todecipher themolecular impact of thePC inhibitor on the
C6 glioma cancer cells andmacrophages in a tumormicroenvironment
interaction. Spheroids were treated with 100 mM PC inhibitor for
different time points (8, 16, and 72 h). Shotgun proteomic analysis
yielded 1,299 protein identifications across all samples. 95 proteins
were exclusive to the untreated C6 spheroids and 132 to the untreated
mixed spheroids (Figure S5A). These proteins are implicated in
different biological processes of tumorigenesis such as positive regula-
tion of cell migration, as well as positive regulation of cell proliferation
and the mitotic cell cycle (Figure S5B). Additionally, syntenin-1 posi-
tively regulates TGF-b1-mediated SMAD2/3 activation.47 Fourteen
proteins were exclusively expressed by mixed spheroids after 72 h of
stimulation with PC inhibitor. Among these proteins, TRPV2 is impli-
cated in inflammatory processes and is essential to macrophage
functions.48 Adam17 (a substrate of PC1/3) has been described as
responsible for cleavage of IL-6R, TNFa, and pro-inflammatory
factors.49 In addition,Gpnmb has been found inmacrophages upon in-
duction by IFN-g or lipopolysaccharide (LPS) and was described as a
regulator of the pro-inflammatory response.50 We then created two
heatmaps (Figures 6A and 6B). Figure 6A represents the heatmap of
the 146 proteins that showed a significant difference in LFQ expression
between untreated C6 spheroids and C6 spheroids after 72 h of PC in-
hibitor. Figure 6B represents the heatmap with 187 proteins statistically
significant between PC inhibitor-treated mixed spheroids and control
mixed spheroids. A difference of protein expression is only observed af-
ter 72 h of PC inhibitor treatment for both types of spheroid. Two clus-
ters can be highlighted for both heatmaps. 59 proteins for C6 spheroids
(cluster 1, Figure 6A; Data S4) were found in the tumor microenviron-
ment and involved in cell migration and invasion, similar to LAP3, up-
regulated in glioma or Nampt, known to be involved in M2 orientation
and Eef1g, which has been described with a pro-tumorigenic role in
brain tumor but also in liver, kidney, and prostate.51–53 In a same
way, 91 proteins for C6/macrophage spheroids were found to be down-
regulated in cluster 1 at 72h (Figure 6B;Data S5).Among these proteins,



Figure 4. PC Inhibitor Was Found at the Core of Mixed C6/NR8383 Spheroids at 16 h of Stimulation until 72 h

Mixed C6/NR8383 spheroids were treated with 100 mM PC inhibitor or with DMSO (control) for different times. Then, they were fixed, frozen, and entirely cut. Lipid images

were acquired using a RapiFlex II MALDI-TOF (matrix-assisted laser desorption ionization-time of flight) instrument at 10-mm lateral resolution and spectra were exported in

SCiLS Lab version 2015b software. PC inhibitor is represented by an m/z of 750.522. Each row represents the different stimulation time. Each column represents a different

slice of the spheroid, from the beginning on the left to the end on the right.

www.moleculartherapy.org
nestin expression is related to poor prognosis in high-grade gliomas,
andACLY (ATP citrate lyase) has been described as a positive regulator
of glycolysis in glioblastomas.54,55 Likewise, knocking down nucleolin
expression in glioma decreased tumor growth and triggered cell cycle
arrest.56 Proteins involved in the inflammatory response and macro-
phage orientation were also found in this cluster. ROCK2 inhibition
seems to decreases M2-like macrophage orientation, and PDLIM1
acts as an inhibitor of NF-kB-mediated inflammation.57,58 Some pro-
teins were found in cluster 1 for both C6 spheroids and mixed C6/
macrophage spheroids. Plod1 and Plod2 modulate collagen cross-link-
ing and maturation and thereby contribute to cancer progression.59

Lrrfip1, an inhibitor of NF-kB signaling, has been described as a poten-
tial target gene for anti-glioma therapy.60 All of these proteins involved
in cancer progression and in the maintenance of tumor microenviron-
ment were under-expressed after 72 h of PC inhibitor treatment (Fig-
ure 6C). Alternatively, 87 proteins were found upregulated in cluster
2 for C6 spheroids (Figure 6A). Among these proteins, tenascin-R has
been found in low-grade gliomawithnon-invasive behavior. A decrease
in tenascin-R expression is correlated with increasing malignancy. In
fact, grade IV glioblastoma has a low level of tenascin-R expression.61

Smad3, described before in proteomic analysis of C6 cells, was also
found. In contrast, granulins have been described as an amplifier of
acute inflammation and they stimulate the production of neutrophil-at-
tracting chemokines.62 Also, flotillin-1 could have a role in
CXCR4-mediated T cell migration, adhesion, and signaling.63 For
mixed C6/macrophage spheroids, 92 proteins were found in cluster 2
(Figure 6B). Some markers of activated macrophages and pro-inflam-
matory response were identified like calectin-3 or Icam1 described as
a suppressor of M2 macrophages orientation. Ccdc22, an activator of
NF-kB signaling, was also found.64,65 Eps8 protein, involved in phago-
cytosis by increasing TLR4-Myd88 interaction and Sdha protein, essen-
tial for pro-inflammatory polarization of macrophages, were
both found in cluster 2 for C6 spheroids and mixed C6/macrophage
spheroids,66,67 as well as annexin A1, essential in the innate immune
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Figure 5. PC Inhibitor Decreases C6 and Mixed C6/NR8383 Spheroids Invasion

C6 (i) and mixed C6/NR8383 (ii) spheroids were incubated with different concentrations of PC inhibitor (50, 100, 150 mM) or with vehicle (DMSO). Images of spheroids in the

collagen matrix were taken every 24 h for 4 days. (A) Representative images of the invasion of C6 (i) spheroids and mixed C6/NR8383 (ii) spheroids in the collagen matrix

incubated with DMSO or 150 mMPC inhibitor at day 0 and day 4. All images were acquired with an inverted light microscope at�5 original magnification. Scale bars, 500 mm.

(B) Graphic representation showing the percentage of spheroids invasion with different concentrations of PC inhibitor (0, 50, 100, or 150 mM). Spheroids invasion areas were

acquiredwith in-house software. They are normalized for each day to the relative size of day 0 and transformed into the percentage of invasion. All results are representative of

three independent experiments. Significant differences were identified using a Tukey’s multiple comparisons test. **p < 0.01, ***p < 0.001, ****p < 0.0001.
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response and inflammatory process and Lta4h, involved in the pro-in-
flammatory response. All of these immune and inflammatory-related
proteins were overexpressed after 72 h of stimulation with PC inhibitor
(Figures 6A and 6B). In conclusion, the mixed spheroids treated with
the inhibitor are progressing toward a pro-inflammatory response.

Taken together, based on these proteomics data, signaling pathways
related to cancer are modulated under PC inhibition. Moreover,
markers of the pro-inflammatory phenotype were also identified in
the mixed spheroids condition after inhibitor treatment and can sug-
gest the activation of macrophages.

In the same line, cross-analyses were performed between the identi-
fied proteins in C6/macrophages at 72 h after treatment and the
104 key genes that were shared between human glioblastoma multi-
forme (GBM) and lower-grade glioma (LGG), with significant
38 Molecular Therapy: Oncolytics Vol. 17 June 2020
correlation with patients’ survival. This selected list was based on
next-generation sequencing data obtained from The Cancer Genome
Atlas for gene expression analysis.68 Four proteins have been identi-
fied in common (cathepsin B [CTSB], cathepsin Z [CTSZ], myosin 1C
[MYO1C], and polymerase I transcript releasing factor [PTRF]) (Fig-
ure 7). CTSZ is identified from the list of 10 genes (CTSZ, EFEMP2,
ITGA5, KDELR2, MDK, MICALL2, MAP2K3, PLAUR, SERPINE1,
and SOCS3) that can potentially serve as indicators to estimate the
prognosis of patients with gliomas.68 This gene has been shown to
be a good patient survival indicator between GBM and LGG.

The PC inhibitor Is More Effective Than TMZ in Reducing the

Density of Glioma Cells and Inhibiting C6 Spheroid Growth and

Invasion

TMZ is one of the main drugs used to treat high-grade gliomas.69

Therefore, in the context of therapy, we wanted to compare the



Figure 6. PC Inhibitor Triggers Molecular Changes

in Protein Profiles of C6 Spheroid and Mixed C6/

NR8383 Spheroids

(A and B) C6 spheroids (A) and mixed C6/NR8383

spheroids (B) were treated with 100 mM PC inhibitor or

with DMSO (control) and lysed before FASP and LC-MS/

MS analysis. MaxQuant and Perseus software were used

for the statistical analysis, and heatmaps were generated

to show proteins that were significantly different between

treated and untreated spheroids. Different clusters are

highlighted. Biological process for clusters of spheroids

C6 and C6/NR8383. The analysis was performed with

FunRich.
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potency of TMZ and PC inhibitor to decrease C6 rat glioma cell den-
sity after 4 days of treatment (Figure 8). To determine their respective
50% inhibitory concentrations (IC50s) in vitro, we performed dose-
response studies. TMZ and PC inhibitor were dissolved in DMSO.
Therefore, for each concentration tested, the same percentage of
DMSO was added in control conditions. An inhibitory effect of this
compound on C6 rat glioma cell density was only observed for the
600 mM condition. It reduced glioma cell density by 11.5%. This value
was subtracted from the values obtained after the treatment of C6 cells
with 600 mM TMZ or PC inhibitor (Figure 8). Therefore, only the
direct effects exerted by each drug are represented in the graph. These
data revealed that TMZ treatment significantly decreased C6 cell den-
sity at every concentration tested. The treatment with 100, 200, 400,
and 600 mM TMZ induced a diminution of 13.4%, 16.1%, 25.2%,
and 27%, respectively (Figure 8). Of note, the IC50 was not attained
even after a challenge with a higher concentration, such as 600 mM.
The PC inhibitor also significantly reduced C6 cell density at each
concentration used. The treatment with 100, 200, 400, and 600 mM
PC inhibitor led to a decrease of 30.8%, 25.8%, 47.5%, and 50.2%,
Molecu
respectively (Figure 8), of tumor growth. In
comparison with TMZ, the magnitude of
decrease of C6 cell density induced by the PC
inhibitor was higher for all of the concentra-
tions tested. Moreover, the IC50 was reached af-
ter a challenge with 600 mM PC inhibitor. This
demonstrated that a lower concentration of PC
inhibitor was needed to diminish the density of
glioma cells compared to TMZ.

Next, we wanted to compare the effect of TMZ
and PC inhibitor on spheroid growth and inva-
sion after 4 days of treatment (Table 1). This
experiment was conducted on spheroids
containing only C6 cells and on spheroids con-
taining a mix of C6 and NR8383 cells. For the
PC inhibitor, we used a concentration of
100 mM since it was efficient to decrease C6
cell density and inhibit spheroid growth and in-
vasion (Figures 2 and 6) without any effect of
the DMSO on macrophage survival (Figure 1).
The concentration chosen for TMZ was 600 mM since it induced
the more important decrease in C6 cell density (Figure 6A). PC inhib-
itor treatment led to a stronger diminution of C6 spheroid growth and
invasion than with TMZ. Indeed, they were reduced by 52.34% with
PC inhibitor challenge whereas they were decreased by 25.63% after
TMZ treatment. On C6/NR8383 spheroids, the protective effect of
macrophages to C6 cells against PC inhibitor was again observed
since growth and invasion were only reduced by 38.38%. Conversely,
the presence of macrophages did not drop the effect of TMZ since a
diminution of 26.16% was found. However, at this concentration, we
cannot exclude that DMSO impacted the physiology of macrophages.
Altogether, this showed that PC inhibitor inhibited spheroid growth
and invasion more efficiently than did TMZ.

DISCUSSION
In the present study, we have demonstrated that the PC inhibitor acts
on macrophage activation, as demonstrated by the proteomic study,
without affecting their viability. Some pro-inflammatory phenotype
markers were found to be secreted by macrophages after PC inhibitor
lar Therapy: Oncolytics Vol. 17 June 2020 39
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Figure 7. PC Inhibitor Increases the Expression of

Biomarkers Related to Glioma Survival in Mixed C6/

NR8383 Spheroids

Mixed C6/NR8383 spheroids were treated with 100 mM

PC inhibitor for different times (8, 16, and 72 h) or

with DMSO (control) and lysed before FASP and LC-MS/

MS analysis. MaxQuant and Perseus software were

used for the statistical analysis. Graphs represent

LFQ intensities showing expression of cathepsin B

(CTSB), polymerase I and transcript release factor

(PRTF), unconventional myosin-Ic (MYO1C), and

cathepsin Z (CTSZ) between mixed C6/NR8383 spheroids

treated or not with PC inhibitor are shown. The genes are

involved in GBM and LGG patients’ survival. All of these

proteins are overexpressed after 72 h of treatment with PC

inhibitor.
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treatment, such as CCL6 and PRDX5, suggesting that the inhibitor was
also able to induce the activation of macrophages as previously
described for the NR8383 PC1/3 KD macrophages.19 Moreover,
some of the factors secreted by the PC inhibitor-treated macrophages
have anti-tumoral effects. For example, FKBP1A, known to have anti-
tumor properties, has been detected.35 The inhibitor seems to orient
macrophages toward an anti-tumoral phenotype. Interestingly, the
combination of the PC inhibitor and the factors secreted by PC inhib-
itor-treated macrophages seems to have a cumulative effect by inhibit-
ingC6 glioma cell viability. In addition to influencingmacrophages, the
inhibitor presents a strong anti-proliferative activity toward the C6 gli-
oma cells directly. It decreases their viability already at 50 mM. The C6
cells are deeply affected by the inhibitor since their intracellular and
secreted protein profiles are completely different. In fact, proteins
related to cell growth and viability are downregulated. Some anti-tu-
moral factors are produced by the glioma cells in the presence of PC in-
hibitors such as latexin, or angiogenesis inhibitors such as UNC95B.
Additionally, factors known to be involved in tumor cell migration, tu-
mor growth, and metastasis, such as CTGF, CSPG4, and ADAMTS1,
are under-expressed in C6 glioma cells such as some pro-tumoral fac-
tors, including CIAPIN1, USP7, and COMP. Proteins involved in im-
mune cell recruitment and activation and extracellular matrix remod-
eling are also less secreted in the presence of the inhibitor. In fact, CSF1
protein is produced by tumor cells and released in the tumor microen-
vironment where its main role is the recruitment of macrophages and
the promotion of their pro-tumoral phenotype.15 The production of
this protein is inhibited in C6 glioma cells under PC inhibitor treat-
ment. Therefore, the inhibitor may modulate the glioma cell microen-
vironment by regulating the secretion profile of tumor cells. These re-
sults suggest that the inhibitor may act both on cancer cells and
macrophages in an anti-cancer therapeutic strategy.

Furthermore, a time course proteomic study was realized on C6 and
mixed C6/NR8383 spheroids treated or not with the PC inhibitor.
40 Molecular Therapy: Oncolytics Vol. 17 June 2020
This study allowed us to decipher the molecular impact of the PC
inhibitor on C6 glioma cancer cells and macrophages in a tumor
microenvironment interaction. In this context, the cross-analyses be-
tween all proteomic studies revealed a clear differentiation between
C6/macrophages treated with the PC inhibitor at 72 h from the other
conditions (Figure 6). FunRich analyses have confirmed the presence
of specific proteins involved in immune response reactivation such as
Th1 cell activation, phagocytosis, and T cell activation via major his-
tocompatibility complex (MHC) presentation. In the same way,
compared to C6 alone, C6/macrophage spheroids present a decrease
in cell adhesion, response to hypoxia, and no regulation to TGF-b3
production, confirming the reactivation of the immune cells in the tu-
mor microenvironment. CTSZ and PLAUR were also identified in the
mixed spheroids and can potentially serve as indicators to estimate the
prognosis of patients with gliomas.68 These two genes have been
shown to be good patient survival indicators between GBM and LGG.

Collectively, in this work, we have established that the PC inhibitor
exerts a dual activity at the same time by its anti-tumoral effect on gli-
oma cells and its ability to switch macrophages to an anti-tumoral
phenotype. In this way, we can imagine controlling at a distance
macrophage reactivation by using a combination of the PC inhibitor
and TLR agonists as previously demonstrated.17,18,20

MATERIALS AND METHODS
Experimental Design and Statistical Rationale

Shotgun proteomics experiments were conducted in biological tripli-
cates (n = 3). Spheroid studies were conducted in biological triplicates
(n = 3), as were all biological assays. For the proteomics statistical
analysis, extracted proteins or secreted media proteins presenting as
significant by the ANOVA test analysis were used (p < 0.05). Normal-
ization was achieved using a Z score with matrix access by rows. For
cell density and invasion tests, results obtained were depicted through
a boxplot figure. Significant differences were identified using a



Figure 8. A Lower Concentration of PC Inhibitor Is Needed to Decrease C6

Cell Density Compared to Temozolomide

The cell density of C6 rat glioma cells was determined by an MTS assay after 4 days

of stimulation with different concentrations of PC inhibitor or temozolomide (TMZ)

(100, 200, 400, and 600 mM). All results are representative of three independent

experiments. Significant differences were identified using Tukey’s multiple com-

parisons test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ns, not significant.

The cell density of NR8383 cells was determined by an MTS assay for 48, 72, and

96 h with 300 mM PC inhibitor and 600 mM TMZ.

Table 1. PC Inhibitor Is More Efficient than Temozolomide (TMZ) on the

Spheroid Invasion Decrease

Mean of the Percentage of Invasion after 4
Days of Stimulation

100 mM PC Inhibitor 600 mM TMZ

C6 spheroids
47.66% ± 16.41% 74.37% ± 9.06%

p < 0.0001 p = 0.0037

Mixed C6/macrophages spheroids
61.62% ± 6.41% 73.84% ± 5.49%

p < 0.0001 p < 0.0001

C6 and mixed C6/NR8383 spheroids were incubated with 100 mM PC inhibitor or with
600 mMTMZ. All images were acquired with an inverted light microscope at�5 original
magnification. The percentages of spheroids invasion are shown. All results are repre-
sentative of three independent experiments. Significant differences were identified using
a Tukey’s multiple comparisons test. PC, proprotein convertase; TMZ, temozolomide.
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Tukey’s multiple comparisons test (*p % 0.05, **p % 0.01,
***p % 0.001, ****p % 0.0001).
Chemicals and Reagents

Water (H2O), formic acid, acetonitrile (ACN), and trifluoroacetic
acid (TFA) were obtained from Biosolve (Dieuze, France). 2,5-dihy-
droxybenzoic acid (DHB), a ProteoMass MALDI (matrix-assisted
laser desorption/ionization) calibration kit, DL-dithiothreitol (DTT),
thiourea, TMZ, PC inhibitor (ref. 537076), and iodoacetamide were
purchased from Sigma-Aldrich (Saint-Quentin Fallavier, France).
Lys-C/trypsin was purchased from Promega (Charbonnieres,
France). Polylysine-coated slides, Dulbecco’s modified Eagle’s
medium (DMEM), Ham’s F12K medium, heat-inactivated fetal
bovine serum (FBS), trypsin, phosphate-buffered saline (PBS), and
penicillin and streptomycin were purchased from Thermo Scientific
(Braunschweig, Germany). NR8383 is a rat alveolar macrophage
cell line (CRL-2192) obtained from the ATCC (USA). The rat C6 gli-
oma cell line was kindly provided by Dr. Bernd Kaina (Institute of
Toxicology, University Medical Center, Mainz, Germany).
Cell Culture

Rat alveolar wild-type NR8383 macrophages19 were cultured in
Ham’s F12K medium supplemented with 15% FBS and 1% peni-
cillin/streptomycin (100 U/mL). Human THP1 macrophages were
cultured in RPMI 1640 medium supplemented with 10% FBS, 1%
L-glutamine (2 mM), and 1% penicillin/streptomycin (100 U/mL).
Rat glioma C6 cells were cultured in DMEM and supplemented
with 10% FBS, 1% L-glutamine (2 mM), and 1% penicillin/strepto-
mycin (100 U/mL). All cell lines were cultured at 37�C in a humidified
atmosphere (5% CO2).

RNA Extraction and PCR

The RNA of NR8383macrophages and C6 glioma cells were extracted
with TRIzol reagent. 1 mg of RNA was reverse transcribed and reverse
transcriptase-polymerase chain reaction (RT-PCR) was carried out to
determine the expression of PCs. The primers used were as follows:
(1) actin, forward 50-TTGTAACCAACTGGGACGATATGG-30,
reverse 50-GATCTTGATCTTCATGGTGCTAGG-30, (2) PC1/3,
forward 50-TTGGCTGAAAGGGAAAGG-30, reverse 50-ATCTTT
GATGATTGCTTTG-30, (3) furin, forward 50-CTATGGCTACG
GGCTGTTGG-30, reverse 50-CCTCGCTGGTATTTTCAATCTC
-30, (4) PACE4, forward 50-TATGGATTTGGCTTGGTGGATG-30,
reverse 50-GGCTCCATTCTTTCAACTTTCC-30, (5) PC4, forward
50-CTTGTGGCCATCAGACCCTTG-30, reverse 50-GAACAGGCA
GTGTAGTCGCTG-30, and (6) PC5/6, forward 50-AGTGCGCTC
CATCTACAAAGC-30, reverse 50-GTCAGTGCAGTGATCCGGT
C-30.

Cell Supernatant Collection and Total Protein Extraction

NR8383 and C6 cells were plated on sterile 24-well plates and cultured
until they reached confluence. THP1 was plated on sterile six-well
plates and differentiated with 10 ng/mL phorbol 12-myristate 13-ac-
etate (PMA) for 24 h. For stimulation, cells were starved overnight in
Ham’s F12K medium, DMEM, or RMPI 1640 medium supplemented
with 2% FBS. Cells were then stimulated in a serum-free mediumwith
different concentrations of PC inhibitor (50, 100, or 150 mM) with or
without DMSO. At 24 h, cell supernatants were centrifuged at 500� g
and passed through a 0.22-mm filter to remove cells and debris. Four
hundred microliters of the cell supernatant was collected for each
condition. Cells were washed three times with ice-cold PBS and
then lysed with radioimmunoprecipitation assay (RIPA) buffer for to-
tal protein extraction (150 mM NaCl, 50 mM Tris, 5 mM EGTA,
2 mMEDTA, 100 mMNaF, 10 mM sodium pyrophosphate, 1%Non-
idet P-40 (NP-40), 1 mM PMSF, and 1� protease inhibitors). After
three 30-s sonications, cell debris was removed by centrifugation
(16,000 � g, 10 min, 4�C), supernatants were collected, and protein
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concentrations were measured using a Bio-Rad protein assay kit, ac-
cording to the manufacturer’s instructions.

Filter-Aided Sample Preparation

The samples were processed using a shotgun bottom-up proteomic
approach. Total protein extract (0.04 mg) was used for filter-aided
sample preparation (FASP) digestion as described previously.70–72

We performed FASP using Microcon YM-10 devices (Millipore)
before adding Lys-C trypsin (Promega) for protein digestion
(40 mg/mL in 0.05 M Tris-HCl). An equivalent volume of reduction
solution (0.1 M DTT) was added to each sample followed by an incu-
bation step at 95�C for 15 min. Then the samples were processed
following the FASP protocol using a filter with a nominal molecular
mass limit of 10,000 Da (Amicon Ultra-0.5 10K, Millipore). Briefly,
each sample was mixed with 200 mL of denaturant buffer (8 M
urea, 0.1 M Tris/HCl [pH 8.5]) and transferred to FASP filters. The
samples were centrifuged at 14,000 � g, 20�C, for 15 min. For the
alkylation step, 100 mL of 0.05 M iodoacetamide in denaturant buffer
was added to each sample, followed by incubation in the dark for
20 min at room temperature. Samples were washed twice with
100 mL of denaturant buffer followed by two washes with 100 mL of
0.05 M ammonium bicarbonate (AB) buffer. After each washing
step, centrifugation was performed at 14,000 � g, 20�C, for 15 min.
The proteins were digested by adding 40 mL of trypsin at 40 mg/mL
in AB buffer and then incubated at 37�C overnight. The peptides
were eluted by adding 50 mL of saline solution (0.5 M NaCl) and
centrifuged at 14,000 � g, 20�C, for 15 min. The digestion was
stopped by adding 10 mL of 5% TFA. The samples were desalted using
ZipTip C-18 (Millipore) and eluted with a solution of ACN/0.1% TFA
(7:3, v/v). The samples were dried with a SpeedVac and resuspended
in 20 mL of ACN/0.1% formic acid (0.2:9.8, v/v) just before processing
using liquid chromatography-tandem mass spectrometry (LC-MS/
MS). Experiments were done in biological triplicates (n = 3).

Proteomics Analysis of Cell Supernatants

Supernatant volumes obtained from the NR8383 and THP1 macro-
phages and C6 cells treated with PC inhibitor or DMSO were reduced
to 100 mL in a SpeedVac. Cell supernatants were denatured with 2 M
urea in 10 mMHEPES (N-2-hydroxyethylpiperazine-N0-2-ethanesul-
fonic acid) (pH 8.0) by sonication on ice. The proteins were reduced
with 10 mM DTT for 40 min at 56�C followed by alkylation with
55 mM iodoacetamide for 40 min in the dark. The iodoacetamide
was quenched with 100 mM thiourea. The proteins were digested
with 1 mg Lys-C/trypsin mixture (Promega) overnight at 37�C. The
digestion was stopped with 0.5% TFA. The samples were desalted us-
ing ZipTip C-18 (Millipore) and eluted with a solution of ACN/0.1%
TFA (7:3, v/v). The samples were dried with SpeedVac and resus-
pended in 20 mL of ACN/0.1% formic acid (0.2:9.8, v/v) just before
processing using LC-MS/MS. Experiments were done in biological
triplicates (n = 3).

LC-MS/MS Analysis

Mass spectrometry proteomics analysis of digested proteins was per-
formed using a nanoAcquity UPLC (ultra-performance LC) system
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(Waters) coupled with the Q Exactive Orbitrap mass spectrometer
(Thermo Scientific) via a nanoelectrospray source. The samples
were separated by means of online reversed-phase LC chromatog-
raphy, using a preconcentration column (nanoAcquity Symmetry
C18, 5 mm, 180 mm � 20 mm) and an analytical column (nano-
Acquity BEH C18, 1.7 mm, 75 mm � 250 mm). The peptides were
separated by applying a linear gradient of ACN in 0.1% formic acid
(5%–35%) for 2 h, at a flow rate of 300 nL/min. The Q-Exactive in-
strument was operated in a data-dependent mode defined to analyze
the 10 most intense ions of MS analysis (top 10). The MS analysis was
performed with an m/z mass range between 300 and 1,600, a resolu-
tion of 70,000 full width at half maximum (FWHM), an automatic
gain control (AGC) of 3e6 ions, and a maximum injection time of
120 ms. The MS/MS analysis was performed with an m/z mass range
between 200 and 2,000, an AGC of 5e4 ions, a maximum injection
time of 60 ms, and a resolution set at 17,500 FWHM.

Protein ID and Data Analysis

Proteins were identified by comparing all MS/MS data with the pro-
teome database of the complete reviewed proteome of Rattus norve-
gicus (UniProt: R2018_07, release July 2018, 8,054 entries), using
MaxQuant software version 1.6.1.0.73,74 Lys-C trypsin specificity
was used for the digestion mode with two missed cleavages. The car-
bamidomethylation of cysteines was set as a fixed modification.
N-terminal acetylation and methionine oxidation were selected as
the variable modifications. For MS spectra, an initial mass tolerance
of 6 ppm was selected, and the MS/MS tolerance was set to 20 ppm
for higher energy collisional dissociation (HCD) data.75 For identifi-
cation, the false discovery rate (FDR) at the peptide spectrummatches
(PSMs) and protein level was set to 0.01. Relative, label-free quantifi-
cation of proteins was performed using the MaxLFQ algorithm inte-
grated into MaxQuant with the default parameters.76 Analysis of the
proteins identified was performed using Perseus software (version
1.6.2.1, http://www.perseus-framework.org/).77 The file containing
the information from identification was used with hits to the reverse
database, and proteins identified withmodified peptides and potential
contaminants were removed. Then, the LFQ intensity was logarith-
mized (log2[x]). Categorical annotation of rows was used to define
different groups depending on the concentration of the PC inhibitor
used (0, 50, 100, or 150 mM). Multiple-sample tests were performed
using an ANOVA test with a p value of 0.05 and preserved grouping
in randomization. The results were normalized by Z score and repre-
sented as hierarchical clustering. Functional annotation and charac-
terization of identified proteins were obtained using PANTHER soft-
ware (version 14.0, http://www.pantherdb.org) and STRING (version
10.5, http://string-db.org).

Sub-network Enrichment Pathway Analysis

Using Elsevier’s Pathway Studio (version 11.0), all relationships be-
tween the differentially expressed proteins among all conditions
were depicted based on the Ariadne ResNet.78 For proteins identified
in the shotgun analysis after stimulation of cell lines with the PC in-
hibitor, the subnetwork enrichment analysis (SNEA) algorithm was
used to detect the statistically significant altered biological pathways
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in which the identified proteins are involved. This algorithm uses a
Fisher’s statistical test to detect any non-random associations between
two categorical variables organized by a specific relationship. Also,
this algorithm starts by creating a central “seed” from all of the rele-
vant identities in the database and builds connections with associated
entities based on their relationship with the seed. SNEA compares the
sub-network distribution to the background distribution using a one-
sided Mann-Whitney U test and calculates a p value, thereby repre-
senting statistical significance between different distributions. In all
analyses that we performed, the GenBank ID was used to form exper-
imental groups based on the different conditions present for analysis.
The pathway networks were reconstructed based on biological pro-
cesses and molecular functions for every single protein, along with
its associated targets.

Data and Software Availability

Cancer cell and macrophage proteomics data, including MaxQuant
files and annotated MS/MS, have been deposited to the ProteomeX-
change Consortium via the PRIDE partner repository with the dataset
identifier PXD014679 (user name, reviewer94484@ebi.ac.uk; pass-
word, gb85XYvq).

Biological Assays

Generation of NR8383 Supernatants

NR8383 macrophages were treated with or without 100 mMPC inhib-
itor in complete Ham’s F12K medium for 24 h. At 24 h, cell superna-
tants were centrifuged at 200� g and passed through a 0.22-mm filter
to remove cells and debris. Supernatants were then used for C6
stimulation.

Cell Density Measured by MTS Assay

C6 or NR8383 cells were seeded into 96-well plates at 30% confluence
with different concentrations of the PC inhibitor (0, 0.5, 1, 10, 50, 100,
150, 200, and 400 mM) or with different concentrations of TMZ (0,
100, 200, 400, and 600 mM) or with an equal volume of DMSO.
Also, C6 glioma cells were seeded into 96-well plates at 30% conflu-
ence with NR8383 supernatants obtained after 24 h of PC inhibitor
or DMSO stimulation. These supernatants were supplemented or
not with 100 mM PC inhibitor. The assay was observed at 24, 48,
72, or 96 h. CellTiter 96 AQueous One Solution cell proliferation re-
agent (Promega, Madison,WI, USA) was added to the wells and incu-
bated at 37�C for 1 h protected from light. The absorbance was re-
corded at 490 nm using a 96-well plate reader. Absorbance values
were normalized for each day to the absorbance values measured at
day 0 and expressed in percentage of viability. Experiments were per-
formed in biological triplicates (n = 3).

Spheroid Generation and Embedding in a Collagen Matrix

C6 rat glioma cells associated with or without NR8383 cells were re-
suspended in complete Ham’s F12K medium supplemented with 5%
of a collagen mixture at the final concentration of 8,000 cells of each
cell line in 20 ml. The collagen mixture was prepared by mixing 2 mL
of PureCol bovine collagen type I solution (3 mg/mL; Advanced Bio-
Matrix) with 250 mL of 10� minimal essential medium (MEM)
(Sigma- Aldrich) and 500 mL of 0.1 M sodium hydroxide. Cells
were cultivated using the hanging drop technique on the lid of a Petri
dish with PBS during 72 h at 37�C in a humidified atmosphere (5%
CO2). The newly formed C6 spheroids and mixed C6/NR8383 spher-
oids were then implanted in the center of each well of a 24-well plate
coated with a collagen mixture described before (one spheroid per
well in 400 mL of collagen mixture per well). After cell spheroid
embedding, the plate was incubated for 30 min at standard culture
conditions to solidify the collagen. After that, 400 mL of complete
Ham’s F12K medium with different concentrations of the PC inhib-
itor (50, 100, and 150 mM) was overlaid on the collagen matrix in each
well. The complete system was incubated for a total of 4 days. Exper-
iments were performed in biological triplicates (n = 3).

Quantification of Spheroid Size and Invaded Area

After the spheroids were embedded, cell invasion of the spheroid was
monitored by digital photography using a Leica DM IL LED Fluo in-
verted light microscope (Leica DFC450C camera) at room tempera-
ture, with the Leica Application Suite (LAS, version 4.4). Images
were acquired every day (day 0 represents time of embedding in
collagen; images were taken immediately after embedding) using a
4�/0.10 objective. Image processing and quantification of spheroids
and invasion areas were performed using in-house software. This
in-house software takes into account cell density and not the limits
of cell migration in the collagen matrix, which is observed indepen-
dently. The implemented algorithm uses local fluctuations of the
image intensity for automated estimation of the invasion magnitude.
It is robust enough to handle micrographs of different generation
methods and various qualities without the concept of an invasive
front of the spheroids.18,45 Data on areas are normalized for each
day to the relative size of day 0 and transformed into the percentage
of invasion.

MALDI Mass Spectrometry Imaging (MSI) and LC-MS/MS

Analysis of Spheroids

Mixed C6/NR8383 spheroids were generated as described before.
Spheroids were treated with 100 mM PC inhibitor for 8, 16, 24, 48,
and 72 h. After stimulation, they were rinsed with PBS before fixation
with 4% paraformaldehyde during 1 h at 4�C and then washed three
times in PBS. They were implanted in 175 mg/mL gelatin and frozen
at �20�C and �80�C. The entire spheroids were cut into 8-mm
sections using a cryostat (Leica Microsystems, Nanterre, France). Sec-
tions, obtained after every 40 mm (approximately), were subjected to
MSI. These were mounted by finger-thawing on indium tin oxide
(ITO)-coated slides. DHB was used as a matrix and was prepared
at a concentration of 20 mg/mL in 70:30 methanol/0.1% TFA in
H2O. Eight layers of the matrix were deposited using HTX TM-
Sprayer (HTX Technologies, Chapel Hill, NC, USA) programmed
to spray at a flow rate of 0.125 mL/min. Lipid imaging was performed
on a rapifleXMALDI Tissue typer instrument (Bruker Daltonics, Bre-
men, Germany). The instrument was equipped with a smartbeam 3D
laser and was controlled using FlexControl version 4.0 software
(Bruker Daltonics). The datasets were recorded in positive reflector
mode, and 300 laser shots were accumulated for each raster point
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at a laser frequency of 10 kHz. Spectra were acquired at a lateral res-
olution of 10 mm. External calibration was performed using the Pep-
Mix standard (Bruker Daltonics). Spectra were acquired between an
m/z of 500 and 1,300. For reconstruction of images, the SCiLS Lab
software version 2015b (SCiLS, Bremen, Germany) was used.79,80

The data were normalized based on the total ion count (TIC)
method.81 For proteomic analysis, C6 and mixed C6/NR8383 spher-
oids were stimulated with 100 mM PC inhibitor for 8, 16, and 72 h.
After stimulation, they were washed three times in PBS. Then, total
protein extraction and FASP digestion were performed as described
above before the LC-MS/MS analysis.
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